Abstract: Hydrogen plasma etching of graphite generates radicals that can be used for diamond synthesis by chemical vapor deposition (CVD). We studied the etching of polycrystalline graphite by a hydrogen microwave plasma, growth of diamond particles of the non-seeded graphite substrates, and characterized the diamond morphology, grain size distribution, growth rate, and phase purity. The graphite substrates served simultaneously as a carbon source, this being the specific feature of the process. A disorder of the graphite surface structure reduces as the result of the etching as revealed with Raman spectroscopy. The diamond growth rate of 3 -5 µm/h was achieved, the quality of the produced diamond grains improving with growth time due to inherently nonstationary graphite etching process.
INTRODUCTION *
Diamond films and particles produced by chemical vapor deposition (CVD) find many applications in electronics, photonics, quantum informatics, thermal management, tribology due to a combination of extreme physical properties of this material, such as high thermal conductivity, wide optical transparence spectral window, high mobility of charge carriers, low friction coefficient and biocompatibility [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
As an alternative, some groups have demonstrated the diamond film prepared via hydrogen plasma etching of graphite to form CHx radicals necessary for the diamond growth [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Salvadori et al. [17] described growing diamond film using a graphite plate exposed to the microwave hydrogen plasma along with a separate substrate on which the diamond film was deposited, and compared the morphology and quality of the diamond films formed under hydrogen pressures of 80 to 140 Torr. Lu et al. [14] investigated how the hydrogen flow rate affected the growth rate and morphology of diamond with graphite etching and found that the growth rate and nucleation density of diamond films increased significantly with the decrease of hydrogen flow rate. Silva et al. [15] prepared diamond films from graphite at different temperatures instead of utilizing conventional hydrocarbon in the feed gas. The diamond nucleation and growth rate showed a strong dependence on the graphite temperature, with higher quality and growth rate at higher temperatures. However, most works focused on the analysis of the produced diamond film with a less attention to study of the etched graphite properties, such as the morphology and disorder level. As a rare exclusion, Silva et al. [15] analyzed the graphite structure after etching process with Raman spectroscopy and found that the graphite disorder increased monotonously with the graphite temperature. However, they did not investigate the diamond growth on the graphite itself.
The use of solid carbon source has been proved to have distinct advantages over the gas carbon source, such as a high carbon concentration provided by etched graphite sheets around the substrate and a lower substrate temperature, down to 250 °C [13] , which is beneficial for some materials with low melting point [11] [12] [13] [14] [15] [16] [17] . Besides, the graphite sheets as the substrate can make the synthesized diamond powders easily removed from the substrate, due to low adhesion [18] .
In the present work, we studied the etching of the graphite sheets by hydrogen microwave plasma to produce CVD diamond particles. A special feature of the process was the use of etched graphite simultaneously as the substrate for diamond deposition. The morphology and disorder level of graphite, as well as the diamond growth rate and purity evolution with prolonging etching time were examined.
EXPERIMENTAL
Prior After the etching/growth process, the grown diamond powders were collected from the graphite sheet. Those diamond particles were typically agglomerates of smaller diamond grains, formed due to an incessant re-nucleation [19] . Therefore to separate the aggregated particles to individual grains they were ground for 30 min in a stainless steel mortar, followed by ultrasonically cleaning with acetone and alcohol [20] . Only the diamond particles grown after 3h, 8h and 13h were collected and treated, whereas the fine powder grown after 1h graphite etching was difficult to collect.
The morphologies of the etched graphite and the produced diamond particles were examined with a field emission scanning electron microscopy (FE-SEM) (Helios Nanolab 600i). The graphite structure disorder, as well as the quality and purity of the deposited diamond particles obtained from different etching durations, were assessed with Raman spectroscopy (Renishaw inVia system) operated at 532 nm excitation wavelength, with laser beam diameter of ~1 µm on the sample surface. Here, the terms "quality and purity" signify the presence of sp 2 -bonded (graphitic-like) carbon versus diamond phase (the lower sp 2 carbon content means better quality). The mean size of the diamond grains after deagglomeration was measured with Mastersizer 3000 laser diffraction particle size analyzer (Malvern Instruments, China), by immersing the powders in deionized water. Figure 1 depicts the SEM images of the as-grown diamond powders on the etched graphite and the surface of etched graphite sheets after removing the diamond powders for different etching durations.
RESULTS AND DISCUSSION
The degree of the grown diamond agglomeration highly depends on the etching time. Well-faced isolated diamond particles with the size of about 3 µm are observed after 1h growth (Figure 1a, b) . However, more and more diamond particles agglomerate with a longer etching time, and the size of agglomerates increases up to ≈400 µm, as shown in Figure 1e . This may indicate that the agglomerative diamonds are the result of incessant re-nucleation process [19] . The repeated nucleation is generated on the original particles with time, leading to an aggregate structure. The size of the diamond grain with the agglomerates also increase with process time. The specific diamond grain size distributions after de-aggregation [20] were characterized by laser granular analyzer and the result is presented in Figure  3a , b.
Because of the low adhesion of the deposited grit to the substrate, the diamond was easily collected. Figure 1d , f, depicts the surface of graphite sheets after removing the diamond particles produced for 3h, 8h. The etched graphite reveals a more rough surface with many holes and cavities, compared with the virgin graphite sheet (Figure 1h ). Some residual diamond particles with small, few microns only, grain size on the graphite surface still present after "harvesting" of the larger particles (compare Figure 1c and d, e and f. Those fine particles (demonstrated at higher magnification in Figure  1g ) began to form in a later period of the etching/growth process, confirming the continuous nucleation model. The CVD diamond particles spontaneously nucleate and grow heteroepitaxially preferentially on damaged prism planes of graphite [21, 22] , so the diamond growth proceeds without any pre-treatment of the graphite substrate. The nucleation density, therefore, increases with the number of open edges of graphite planes, while a rear nucleation is expected for highly ordered graphite with basal planes parallel to the substrate surface. The complicated surface relief of the graphite, as seen in Figure 1 , facilitated the diamond growth in the present experiment.
The diamond powders and the graphite sheets were separated and were then used for characterization. Raman spectra of the polycrystalline graphite sheets taken before and after the etching are shown in Figure 2a . The curve at t = 0h in Figure 2a means the Raman spectrum for the graphite piece before etching. Three graphite peaks: D band (1350 cm -1 ), G band (1580 cm -1 ) and Gʹ′ band (2700 cm -1 ) dominate the spectra. The G band is related to phonon vibrations in sp 2 carbon materials, while the D band is ascribed to disordered carbon, edge defects, and other defects [23] . The high frequency shoulder of the G peak at 1620 cm -1 is the D' peak, which is the defect induced Raman feature as well as the D peak, and thus these bands cannot be seen for a highly ordered graphite [24] . The Raman feature at about 2950 cm -1 is associated with a D + G combination mode and also is induced by disorder [24] . The strong peak and minor peak at ~2400 cm -1 belong to the 2 nd order spectrum of graphite, the G' frequency being almost doubled to that of D peak (see more in Ref. [25] ).
Both the ratio intensity ID/IG for the D and G bands, and the G bandwidth ΔνG, (full width at half maximum -FWHM), which indicate a disorder degree of the graphite structure, are displayed in Figure 2b, We ascribe this structure improvement to removal of a surface damaged layer formed upon the graphite sheets fabrication by mechanical cutting of primary graphite thick slabs, and to enhanced selective etching by hydrogen of most defected parts of the pristine bulk graphite structure. (Figure 1g) . The surface of virgin graphite is displayed in Figure 1h .
In addition, the studies on diamond collected from the graphite substrate were carried out. The dispersed diamond grits after mechanical chipping exhibited irregular shapes and sizes, varied from large complex particles, not split completely, to a fine grit fraction. Therefore we measured the specific range of diamond grain size for all samples and obtained average grain size. The size distributions for a growth time of 3h, 8h, and 13h are displayed in Figure 3a , b.
With longer etch time from 3h to 13h, the peak volume ratio of diamond particle size moves to the right, meaning bigger diamond grain size, as expected.
The diamond particles exhibit multiple twins and dominating triangular (111) facets and many pyramidal features with sharp tips (Figure 1h) , which is favorable for abrasive applications [26] , particularly grinding and polishing of ceramics, hard non-ferrous alloys, composite materials essentially are based on the use of the diamond powders as superabrasives. The grit size increases with the etching time, as shown in SEM images in the inset in Figure 3c . The specific average diamond particle sizes measured are shown in Figure 3c . The average dispersed grain size grown for 1h was obtained from SEM, as exhibited in Figure 1a , b. The other three diamond particle size results were measured with the laser granularity analyzer.
The diamond grain size R increases monotonically to 15 µm for the first three hours, and up to 34 µm after 13h of the growth process (see Figure 3c) . The growth rate GR(t)=R/t here is the average of an instantaneous growth rate over the time interval t. The diamond growth rate demonstrates some increase from 3 to 5 µm/h during the first three hours, and a further decrease and stabilization around 3 µm/h for a period of 8h to 13h, as shown in Figure 3d . A possible reason for the observed decline in the growth rate could be a decrease in the flux of diamond precursors (CHx radicals) with time, as the produced diamond particles covering a part of the graphite substrate surface.
Additionally, the structure of graphite becomes less disordered (Figure 2b, c) , as the most defected surface layer was easily etched away by hydrogen plasma, even without any activation energy [15, 27] . Therefore, the etching of the rest more ordered graphite and production of hydrocarbon radicals slow down, leading to a lowering the growth rate of diamond particles with time.
The Raman spectra of dispersed diamond particles produced for different growth durations are presented in Figure 4 . The spectra reveal a sharp peak at 1332 cm −1 characteristic for diamond, and a broadband from 1450 cm −1 to 1600 cm band of the trans-polyacetylene component on grain boundaries [3, 28] . In addition, the peak intensity of nondiamond phases reduces with the growth time, indicating a lowering of concentration of the sp 2 -bonded carbon and higher quality of the produced diamond.
The inset in Figure 4 shows the change of the diamond peak width Δν (FWHM) for the diamond samples. The Δν value monotonously decreases with the growth time, from 15.1 cm -1
(after the 3h process) to 11.2 cm -1 (13h), confirming a better quality of the diamond particles produced for longer etching/growth time (the smaller Δν value indicates a higher crystalline quality and purity [29, 30] ). The growth process of the diamond particles prepared by hydrogen plasma etching graphite as the carbon source is schematically shown in Figure 5 . The whole process can be divided into three steps. First, primary hydrocarbon radicals CHx, are formed when the hydrogen plasma attacks the graphite substrate [3, 31, 32] . The diamond precursor, methyl CH3, and other carbon species, like CH, C2 form in the plasma via reaction with hydrogen H, H2, and other species, and the diamond nucleation on graphite surface then occurs [33] . At the last stage of the formation mechanism, diamond nuclei grow up to micro-size diamond particles on the graphite substrate. Due to the secondary nucleation on the original particles with time, an aggregate structure of diamond is formed gradually (Figure 5) . Additionally, the more diamond particles deposit on the graphite, the smaller is the graphite surface area remained open for hydrogen plasma etching, leading to fewer carbon radicals produced, and the less the sp 2 amorphous carbon forms, thus improving the deposited diamond quality.
CONCLUSIONS
In summary, the effect of hydrogen microwave plasma etching of polycrystalline graphite in a CVD reactor and the diamond deposition on the graphite substrates, have been studied. Using Raman spectroscopy, the structural disorder of the graphite is found to reduce with the etching time, presumably due to selected enhanced etching of the most defected fragments of the graphite lattice. Simultaneously, diamond particles grow on the graphite substrate as a result of spontaneous nucleation (no seeding of the substrate with a nano-diamond grit or by other means was used). We monitored the evolution of the diamond particles with process time and characterized their morphology, grain size distribution, growth rate, and phase purity. The diamond growth on graphite is specific in comparison with other substrate materials, as the substrates area is shrinking in the course of the deposition because of a shielding effect of the produced diamond. This leads to a non-stationary flux of carbon to the plasma and gradual improvement of the diamond quality. The use of graphite as the solid carbon source can be used to deposit continuous diamond films on separate non-carbon substrates [11] [12] [13] [14] [15] [16] , while such films on graphite could be grown using interlayer resistant to hydrogen plasma etching, as demonstrated for Ti interlayer on graphite in case of DC arc jet diamond deposition [34] [35] . 
